This paper presents the results of a hydrological study aimed at characterizing flood-prone areas in the urban growth zone in the city of Manizales based on the potential effects of melting of the Nevado del Ruiz glacier, in Caldas, Colombia. These results constitute a basis for decision making regarding possible urban growth zones in Andean areas that face risks from volcanic eruptions producing lahars and floods caused by glacier melt. Conservative estimates of extreme flows in the Chinchiná River in the urban growth area of El Rosario can be obtained by considering the effects of rain triggered by airborne particulate material following a volcanic explosion combined with the effects of glacier melt. The effects of global warming on tropical glaciers contribute to their retreat, leading to their disappearance. Therefore, the worst scenario would take place if these events occurred in the short term as glacier volume decreases with time.
Introduction
The Colombian Andean region is exposed to the effects of various types of natural hazards due to its geographical location. These hazards include seismic activity, volcanic eruptions, landslides, lahars, avalanches, mudflows and floods (Cepeda et al. 1997 , Cardona 2007 , Huggel et al. 2007 ). The melting of glaciers changes the effects of related natural phenomena because it provides the ideal conditions for devastating lahars triggered by large volumes of melted snow and constant sediment loads in rivers as a result of the steep slopes in the area (Lowe et al. 1986 , Vélez 1989 , Rivera et al. 2005 . These factors favour high velocities of turbulent water flow, sediment and vegetation material, which in turn affect river flows and adjacent areas, causing loss of life and property damage-particularly damage to residential structures, aqueducts, oil pipelines, vehicles, crops and roadways (Kite 1988) .
Urban planning in mountainous regions is complex and requires the selection of locations where disaster risk is lower or can be reduced by taking into account an appropriate integrated risk management strategy (Cardona 1997 (Cardona , 2004 (Cardona , 2011 . In the case of the urban growth zone in the city of Manizales, Colombia, there has been a history of lahars in the Chinchiná River channel, which borders the city. These lahar flows were produced by melting of the Nevado del Ruiz glacier and caused immense damage (Vélez 1989 , Cepeda et al. 1997 , Huggel et al. 2007 . Therefore, planners require that urban developers prepare detailed studies of the potential for this type of event and the potential effects on urban growth zones.
In this study, we gathered, analysed and generated information to develop hydrological scenarios of glacier melt that could produce significant flows in the Chinchiná River where it borders the El Rosario urban growth zone. To simulate extreme flow rates, we used the TETIS model (Francés et al. 2007 , Vélez et al. 2009 ), which is a conceptual distributed hydrological model that includes a component of snow melting and which, under certain conditions, can be used as a glacier melt model. The model was calibrated and validated using available information for the area (Beven 2001, Vélez and Francés 2008) , including likely scenarios of glacier melt that were discussed with experts in volcanology and glaciology.
The following section presents the historical background of glacier melt in the area. Section 3 explains the hydrological model, emphasizing the glacier-melting component. Section 4 explains the application of the model and the process of calibration and validation that was used to developed the simulations of the proposed scenarios. The use of the results, implications and conclusions are presented in Section 5.
Historical records indicate that on the morning of 12 March 1595 the Nevado del Ruíz volcano erupted. This event consisted of three plinian eruptions that were heard more than 100 km from the peak, and a great quantity of ash was expelled (Boletín de Vías 1986 , SGC 2012 . During the eruptions, the volcano also expelled lapilli, which is a size class of tephra, and volcanic bombs. In total, the eruption produced 0.16 hm 3 of tephra. The eruption was preceded by a strong earthquake 3 days earlier, and the eruption caused lahars that travelled through the valleys of the Gualí and Lagunilla rivers, obstructing water flows, killing fish and destroying vegetation (Calvache 1986) . It was reported that 636 people were killed by the lahar. The last great eruption before the 1985 one was that of 1595; they were similar in many ways, including the chemical composition of the erupted material. Records also indicate that on the morning of 19 February 1845 a largemagnitude earthquake caused a mudflow that moved through the Lagunillas Valley, a distance of approximately 70 km, extending and flowing into the river's outer course and killing a significant portion of the local population. After crossing an alluvial fan, the mudflow divided into two branches, the largest of which joined the Lagunilla River and continued until its confluence with the Magdalena River. The smaller branch was deflected by the hills facing the canyon of the Lagunilla River, then flowed east along the Sabandija River and finally rejoined the main flow at the river mouth. It is estimated that approximately 1000 people lost their lives in this event. The Nevado del Ruiz volcano triggered two phreatomagmatic eruptions during its most recent period of activity. These eruptions occurred on 13 November 1985 and 1 September 1989, and both generated lahars caused by glacier melt (Huggel et al. 2007) . Table 1 lists the volcanic events produced by the Nevado del Ruiz volcano (CORPOCALDAS 1998 , SGC 2012 .
The most catastrophic volcanic event in Colombia, based on the number of lives lost, was the eruption that generated a lahar on 13 November 1985. The mudflows or lahars that moved east in the valleys of the Lagunilla and Azufrado rivers flooded the city of Armero. The first wave of mud, probably from the Lagunilla Valley, was apparently colder, lighter in colour, and richer in water and formed a more extensive deposit than the second wave, which probably emerged from the Azufrado Valley and was hotter, more viscous and darker in colour. Lowe et al. (1986) estimated that the flow rate at the mouth of the Lagunilla River reached values close to 47 500 m 3 /s. Mudflows moving west in the valley of the Rioclaro River toward Chinchiná contained fresh pumice, and the fluid mud that travelled toward the Gualí River eroded the tephra that had been deposited on the vegetation. Preliminary calculations by Siggurdsson and Carey (1986) yielded a volume of 30-60 hm 3 for the deposits at Armero and the flows in the Gualí River valleys and flows of 30-90 hm 3 of water in the Chinchiná River; this water was approximately 6-18% of the pre-eruption volume of the ice cap on the peak. Other estimates suggest that nearly 5% of the ice on the peak was removed during this eruption of 13 November. Giggenbach et al. (1990) estimated a mudflow velocity in Armero of 30-35 km/h (8.3-9.7 m/s), and subsequent calculations indicated an average velocity of 32 km/h (8.9 m/s) and a downstream flow distance of 80 km.
Estimates of the glacier melt on Nevado del Ruiz were developed by comparing a map before the eruption, made by Pierson et al. (1990) , and a map based on overflights and aerial photography after the eruption. The estimated flows due to glacier melt were between 15 hm 3 and 20 hm 3 in Armero, 4-5 hm 3 in the Gualí River and 3-6 hm 3 in the Molinos, Rioclaro and Chinchiná rivers, which altogether total between 22 hm 3 and 31 hm 3 (Pierson et al. 1990 ).
In addition to the resulting meltwater, there was also interstitial water in the sediments mobilized and the water that fell during the rains that occurred before the lahar of 13 November 1985, which should be added to the preceding figures to achieve an accurate estimate of the total water volume in the mudflows. Estimates by Siggurdsson and Carey (1986) based on observations of the flow deposits take into account the water volume from the glacier in addition to the soil component entrained in the mudflow as it travelled downstream. These estimated volumes were between 20 hm 3 and 40 hm 3 in the Lagunilla River in Armero, 5-10 hm 3 in the Gualí River in Mariquita and Honda, and 3-6 hm 3 in the Molinos, Rioclaro and Chinchiná Rivers. Based on an estimated total volume of 500 hm 3 of the ice cap, the ice that melted represented approximately 5% of the total volume (Pierson et al. 1990 , Ramírez-Cadena et al. 2010 .
A few of the aforementioned authors reported that the 1985 eruption melted approximately 1.95 km 2 of ice and generated partial melting over a surface of 4.10 km 2 .
According to interpretations of the Nevado del Ruiz volcano based on RapidEye satellite images from 2010, the glacier's area was 9.70 km 2 , with average and maximum thicknesses of 49 m and 190 m, respectively (Ramírez-Cadena et al. 2010) . The volcano is a single structure, except for an area in the Arenas Crater (which measures 1.80 km 2 ), consisting of the 1.30 km 2 plateau of the volcanic dome above 5000 m a.s.l. This particular area may experience melting due to precipitation or due to volcanic activity where the temperature of the rock is elevated and/or pyroclastic material is deposited. The Molinos and Nereidas gorges transport 35% of the meltwater from the Nevado del Ruiz glaciers, and the glaciers' areal extent measured 3.40 km 2 in 2010.
According to interpretations by the Institute of Hydrology, Meteorology and Environmental Studies (Spanish initials IDEAM) (IDEAM 2012) based on RapidEye satellite images, the glacier on neighbouring Santa Isabel measured 1.80 km 2 in areal extent in 2010, was 23-103 m thick, and was composed of four separate fragments. Its thawing has accelerated markedly, and the glacier will likely disappear during the next 15 years (Poveda and Pineda 2009) . As a result of this retreat, several lakes have formed at the foot of the glacier, and these lakes in many cases feed the Rioclaro, Otún and Campoalegre rivers on the west side of the volcano. These rivers receive meltwater from portions of the glacier with these areal dimensions: Otún River: 0.21 km 2 , Rioclaro River: 0.15 km 2 and Campoalegre River: 0.10 km 2 (Ramírez-Cadena et al. 2010) .
Santa Isabel is a snow-capped volcano and also shows potential for producing volcanic mud flows and rock flows. However, studies by the former Colombian Institute of Geology and Mining-Ingeominas-through 1992 indicate that such potential events are not expected to be significant and that greater potential hazards may be posed by volcanic activity of the Nevado del Ruiz volcano itself (Flórez 1992, López and Ramírez 2009) .
Based on available aerial photographs, satellite images and digital images of the area, the behaviour of the glacial ice caps on Nevado del Ruiz, Santa Isabel and Cisne were analysed. Figure 1 shows the extent of glacier retreat in 1850, 1955, 1985, 1994, 2000, 2005 and 2010. Estimates of glacier retreat on the Nevado del Ruiz volcano were also performed by López and Ramírez (2009) and Ceballos et al. (2012) . These estimates shows a complete retreat of the glacier by 2030, similar to the value suggested by Poveda and Pineda (2009) . The estimates of glacier retreat on the Santa Isabel volcano show a similar analysis; the glacier is projected to disappear in 2016.
According to Ceballos et al. (2012) , the dimensions recorded in 1850 and 2011 indicate that 80% of the Nevado del Ruiz glacier and 94% of the Santa Isabel glacier have disappeared. The retreats estimated by the IDEAM are similar to those obtained in this study. Based on this information, we defined outlines and snow-water equivalents to obtain a surface that served as input for the TETIS distributed hydrological model. The estimate included interpolation across the entire glacier using the inverse square distance technique.
Physical processes involved in the TETIS hydrological model
The TETIS model was developed to create hydrological simulations in natural watersheds. This model is a completely distributed conceptual model intended for obtaining the best hydrological response to rainfall and snowmelt, taking into account various physical processes. The rainfall-runoff process is modelled using six vertical tanks, as shown in Francés et al. (2007) . Each tank represents the storage of water in a column extending up from the ground: snow, atmospheric, superficial and gravitational storage; the aquifer and the river. The relationships among the tanks are based on soil characteristics, such as the available water in the soil and the saturated hydraulic conductivities of the soil and subsoil. These soil characteristics were previously estimated in each cell using the primary characteristics and properties of the soil, such as the lithology, edaphology, soil use, geomorphological characteristics and all available environmental information that can be used to characterize soil (Francés et al. 2007) . The vertical connections between the tanks are shown, and these connections model the processes of precipitation (rain and/or snow), snow melting, evapotranspiration, infiltration and percolation. The horizontal connections model the overland surface flow, subsurface flow and baseflow. The exit of subsurface water, referred to as underground losses, is taken into account in the lowest tank and completes the water balance (Vélez 2001 , Francés et al. 2007 , Vélez et al. 2009 ).
The conceptual production of runoff in the TETIS model involves six tanks (T 0-5 ), six initial state variables (H 0-5 ), five exit flows (Y 0-4 ), five control nodes that correspond to two input flows (X 0 and Y 0 ), four flows exiting nodes and entering tanks (D 1-4 ) and five exit node flows that do not enter tanks (X 1-5 ). The model may be considered to be three-dimensional in that these relationships are developed among all of the cells in the watershed.
The static storage corresponds to tank T 1 , and this location is where the initial parameters are represented (interception by vegetation cover, water storage in depressions and retention due to capillary forces). Tank T 2 represents the water on the surface, which is vulnerable to surface flow (direct runoff) or infiltration into the subsurface. According to Francés et al. (2007) , the residence time in T 2 should be consistent with the true magnitude of the flows within the watershed. Tank T 3 of the TETIS model represents the gravitational storage and soil interflow, which are related to the geological characteristics of the subsurface, as represented by the hydraulic conductivity of the rocky stratum (k p ). Tank T 4 represents subsurface storage and baseflow. It is possible that a portion of the water that percolates into the subsurface during a time interval (X 4 ) contributes to the underground losses (X 5 ), and the remainder enters tank T 4 . Additional details regarding the conceptual vertical movement were presented by Vélez (2001 Vélez ( , 2003 , Francés et al. (2007) and Vélez et al. (2009) . The interpolation factor β is estimated as the slope of the altitude versus precipitation adjustment, if it exists.
The following is a description of the snow melting process, which is incorporated into the model as glacier melt in this study. This aspect of the model takes into account that the glacier is denser and its melting rate can be slower than for fresh snow.
Snowmelt, T 0
Tank T 0 corresponds to storage of snow-water equivalent (SWE) water resulting from snowfall. Precipitation is considered to be snow and is added to tank T 0 if the air temperature is below the base temperature or the critical melting temperature T B . According to DeWalle and Rango (2008) , it is common to use T B values between 0 and 2°C. The snowfall and temperature of each cell are interpolated using the inverse square distance method (Francés et al. 2007) , and the outlines of the ice cap are estimated using remote sensing information in combination with GIS tools to obtain the best approach. The glacier outlines estimation was based on field measurements by IDEAM (2012); these outlines were rasterized to use the same cell size as the digital elevation model (DEM) (30 m × 30 m).
To model the melting process, TETIS uses the degree-day approach, given that normally no comprehensive data are available regarding the net solar radiation, sensible heat, latent heat, ground heat and advective heat for performing the calculations based on an energy balance, and simplified models are therefore used (Vélez 2003) .
The flow rates due to melting snow (Y 0 ) and rainfall (X 0 ) make up the total precipitation.
The degree-day approach is based on the energy balance studies by Rango and Martinec (1995) and Dingman (2002) , where:
where M f is the melting factor, T is the air temperature, and T B is the base melting temperature. The initial state is related to the initial snow-storage map or to the height interpolation using IDW (inverse distance weighting). In TETIS, the coefficients M f1 and M f2 refer to melting without and with the presence of rain, respectively, because it is assumed that the heat provided by the rain enhances melting of the snow or ice cap. The density of the snow varies between 300 and 500 kg/m 3 , and the density of the glacier can reach 913 kg/m 3 . In this study case the assumption of two melting factors is not valid. Melting rate must be estimated at each basin because it depends on latitude, altitude, albedo, radiation, vegetation and slope, among other climatic parameters. In this sense, the values recommended by several authors vary between 1.0 and 8.0; and these values vary across a large range as mentioned by Lang (1986) , Maidment (1993) and Singh et al. (2000) . This study proposes a melting rate of 3.0, which was obtained during a calibration process, where the outlines were extracted from remote sensor data and then compared with the outlines simulated with the TETIS model. The final value for the melting rate was obtained through a trial and error procedure.
Another important aspect of the TETIS model is the manner in which it simulates the circulation or propagation of flow through the streams of a watershed.
Flow propagation, T 5
According to Francés et al. (2007) , horizontal flow propagation in the TETIS model takes place separately in two phases. In the first phase, i.e. direct runoff, the interflow and baseflow are defined using a grid of three layers of tanks connected to one another. The water movement is toward the adjacent downstream tank, in accordance with the flow directions derived from the DEM, until the water reaches the main drainage network, as shown in Vélez (2001) and Francés et al. (2007) . The second phase corresponds to the flows in the network of streams. The TETIS model uses the geomorphological kinematic-wave (GKW) concept proposed by Vélez (2001) , which combines the kinematic-wave and geomorphological characteristics of the river. This concept is a simplification of the Saint-Venant equation in which the terms corresponding to the inertial and pressure effects in the conservation of energy equation are neglected, and the hydraulic characteristics of the streams are based on intrinsic watershed parameters extracted from the geomorphological information.
The TETIS model determines the shape of the section of each stream in the network based on the hydraulic geometry relationships developed by Leopold and Maddock (1953) . The dimensions of the flow section, depth y, width w and velocity v, determine the flow rate in the stream Q based on the use of potential type equations (Vélez 2001) . In this way, the TETIS model uses specific regional geomorphological parameters that can be correlated with the parameters developed by Leopold and Maddock (1953) .
Hydrological study of the Chinchiná River watershed
The hydrological study was performed based on available spatial and temporal information for the area. Various viable scenarios were developed, including glacier melt and torrential rains. The following is a description of the study area.
Description and delineation of the study area
The Chinchiná River watershed extending down to the El Rosario urban growth area has an areal extent of approx. 598 km 2 . Figure 2 shows the general location of the Chinchiná River watershed to the mouth of the El Rosario Gorge, which is located west of the town of Manizales.
The climate is normally inter-tropical and is characterized by small fluctuations in inter-annual temperatures but large daily temperature fluctuations. The rainfall displays a bimodal distribution during the year, due to the influence of the intertropical convergence zone (ITCZ) and the mountainous terrain of the region (Jaramillo 2005) . The temperature is largely a function of the elevation, and thus the minimum temperature is below 0°C in the area of the Los Nevados National Natural Park at 5286 m a.s.l., and the maximum temperature recorded in the El Rosario area is 20.95°C at 1220 m a.s.l. (Ocampo 2012 , Witte 1995 . The coldest months are September through December, and the warmest months are February through May (UN-CORPOCALDAS 2014).
Analysis of spatial information
The first step in the hydrological study was to delineate the study area. We used information from the website of the United States Geological Survey (USGS) to generate a DEM with a cell size of 30 m × 30 m (https://lpdaac.usgs.gov/about/ news_archive/aster_gdem_explorer_demex_now_available_lp_ daac). This allowed us to map a hydrologically stable drainage network in the study area. Subsequently, GIS tools were used to calculate slope, flow directions, cumulative areas and the main geomorphological characteristics of the El Rosario Gorge sub-watershed and the main stream, which were necessary to develop the required hydrological and physiographic data.
Geology and land cover
The basin is characterized by mountainous terrain with deep valleys and steep slopes with young soils covered with pyroclastic ash. The lithology consists of foliated rocks and volcanic materials deposited on partially altered basement, which favours landslides in the region. The geology is characterized by igneous rocks with a basic volcanic character, with sedimentary and metamorphic rocks of Cretaceous origin associated with complex Quebradagrande and Arquía.
Fluvio-volcanic deposits, ash and debris flows and alluvial deposits are observed. In terms of structural geology, the basin is crossed by the Romeral, Cauca, Tapias and Palestine fault systems, showing various stages of deformation related to dynamic events of metamorphism on Cretaceous rocks (UN-CORPOCALDAS 2014).
Land use is characterized by agricultural areas with grass for grazing, heterogeneous crops and coffee plantations. Higher areas have fewer crops and forestry, with Paramos (alpine tundra) and glaciers above. There have been significant changes in land use from Paramos and forest to pastures in recent years (IGAC 2010) .
The DEM and maps of the geology, drainage network, and land use and soil cover of the Chinchiná River watershed are shown in Figure 3 . Table 2 shows the primary morphometric and physiographic characteristics of the Chinchiná River watershed and the El Rosario Gorge sub-watershed, which were obtained from the DEM.
The literature contains numerous formulae for estimating the concentration time T c of a watershed, all of which were developed by different authors studying different parts of the world. The estimated T c of the watershed is an average of 7.29 hours, with a maximum of nearly 12 hours and a minimum of 4 hours, according to Vélez and Botero (2011) . Figure 4 shows the soil properties used in the TETIS model: the capillary storage capacity HU (mm), the saturated hydraulic conductivity of the soil ks (cm/h) and the saturated hydraulic conductivity of the subsoil kp (cm/h).
Finally, the information from satellite images and aerial photographs and cartographical information were extremely important in determining the initial and final conditions of the glacier during each of the periods under investigation and in accordance with the requirements of the model. Figure 5 shows the locations of the stations where the precipitation, temperature and flow rates in the study area were recorded. There are few stations in the central portion of the watershed, which may distort the results, given the dependence of the climatic variables on elevation. We proceed to review the temporal information available in the databases of the stations in the study area (Mesa et al. 2007) . Figure 6 shows the behaviour of the annual average temperature, where a tendency is clearly identified, which affects the glacier mass dynamics and helps to explain its retreat during the previous few years (Kumar et al. 2007 ). Statistical tendency tests confirm this observation. Rain is the primary factor increasing the volume of glaciers in the Andes during La Niña events: basically low-temperature rainfall feeds the glacier mass. However, rain can also act as a melting agent during El Niño events: when the temperature of rain exceeds the glacier's equilibrium temperature, glacier melt may result.
Analysis of temporal information
Until 2006, a decreasing trend was recorded at Las Brisas station by the IDEAM. However, when the data for a few years prior to 2010 are included, there is an increasing trend and a strong relationship with higher temperatures. Ocampo (2012) reported a trend of increasing temperatures during the previous few decades throughout the Chinchiná River watershed in addition to changes in the precipitation.
Based on information made available by CORPOCALDAS (2012), which includes data regarding the estimated maximum daily precipitation with return periods of 15, 30 and 100 years throughout the Chinchiná River watershed, it was possible to perform simulations using the TETIS model (UN-CORPOCALDAS 2012).
Assumptions and conditions used in the distributed hydrological modelling
The assumptions and conditions used when applying the TETIS model were as follows:
• TETIS is a snow melting model that uses the degree-day methodology and can be adapted for use as a glacier melt model. • There is no available information for simulating the transport of sediment through the watershed. • The rainfall interpolation uses a negative relationship for the altitude versus precipitation observed in the basin through the beta parameter of the model. • Rainfall with return periods of 15 and 30 years is assumed, based on the assumption that meteorological conditions during an eruption will include rain.
Information is available regarding daily flow rates based on limnimeter measurements and regarding daily precipitation from 1980 to 2011, which was used to calibrate and validate the TETIS model.
Calibration and validation
We used the split-sample method of Singh (1989) , in which available historical periods are considered in the calibration and validation of the model. The calibration consisted of adjusting the parameters in the model such that they adequately represented the three components of flow: a fast response corresponding to direct runoff, an intermediate response corresponding to interflow, and a slow response corresponding to baseflow. The TETIS model was used to perform the calibration by adjusting certain correction factors that globally multiply the previously estimated parameter maps of the model, thereby reducing the calibration from one involving a large number of parameters to one involving only nine global correction factors (Francés et al. 2007) . Once these correction factors had been obtained, the model was spatially and temporally validated such that the flow responded adequately at another location and in another temporal period. The model was calibrated and validated for short-term events and for long time periods. Short-term calibrations were performed to adjust the rapid-response parameters, and long-term calibration was performed to adjust the slow-response parameters. The combination of these two calibration strategies allowed us to obtain a set of parameters that generated more realistic hydrological responses.
In all cases, it was verified that the calibrated factors fit the real conditions of the watershed. In other words, they made physical sense. Finally, once the model has been calibrated and validated for short and long periods, it was possible to perform the simulations for the various scenarios that were developed. To calibrate the amount of meltwater, the model requires the glacier's outline and snow-water equivalent, SWE, which were obtained by analysing remote-sensing information from data reported by IDEAM (2012), using available SWE gauge data measured at some points along the glacier. The interpolation procedure was the inverse distance weighting method using a correction with the altitude as a linear function, which gave acceptable accuracy in the estimation of SWE.
To address short-term events, the precipitation, evaporation, temperature and flow rate data series of 6-9 September 2000, and 1-12 May 2010, were used. To address long time periods, the data series of 27 February to 14 September 1985 were used. Previously, the homogeneity of the series was analysed based on the respective tests, and a double mass analysis was performed to discard those stations with inconsistent or deficient information.
It is widely agreed that the results of hydrological models strongly depend on the previous moisture conditions (Vélez et al. 2009 ), given that the evapotranspiration, infiltration capacity, runoff and storage in ground depressions are affected by the moisture conditions at the start of an event. The effect of initial moisture conditions can be reduced if one works at temporal scales of months or years, given that in a few months or years a balance is re-established. However, this effect is significant in the modelling of events and must be included if one wishes to obtain realistic results during events of short duration.
The initial moisture conditions included in the TETIS model were the snow-water equivalent, H 0 (mm), the static storage, H 1 , which is a percentage of the maximum capacity, the surface water storage, H 2 (mm), the gravitational storage, H 3 (mm), the aquifer, H 4 (mm) and the flow depth of the stream, H 5 , which is expressed as a percentage of the flow rate in a full section (values greater than 100% in a cell indicate flood conditions). Figure 7 shows the results of the calibration of events recorded at the Sancancio station.
In certain cases it was not possible to represent the characteristics of the observed flow due to rain or problems in measuring the flow rate. The daily time series do not reflect the entire rise in flow and tend to underestimate the maximum real values, which causes imbalances in the model. Therefore, adequate functioning inside the tanks of the model was verified so that the physical behaviour was as realistic as possible. Table 3 shows the results of the calibration.
A spatial validation for the Montevideo station data was performed, verifying that there was a valid response representing each of the flow components: the fast response (runoff), the intermediate response (interflow) and the slow response (baseflow). In the case of the event, the response to take into account is the fast response, given that the intermediate and slow responses are not well represented. The results of the validation are shown in Figure 8 .
In general terms, the validation was considered acceptable because the desired behaviours were observed in the tanks of the model and in the fast (peaks) and slow (recession curves) responses. It was therefore possible to proceed with the use of the model for simulating the various scenarios.
It is important to keep in mind that the flow rate data series were derived from flow gauge measurements that exhibit quality deficiencies, which hampered the calibration and validation of the model. 
Simulation scenarios
After several discussions with experts, mentioned in the acknowledgements, certain primary characteristics were extracted for use as input to the model. Important among these was the approximate maximum temperature of 900°C of the pyroclastic flow at the time it is expelled. This temperature decreases with time, and the deposit exhibits low conductivity, which causes it to act as an insulating layer overlying the glacier. Abrasive effects can occur due to the action of pyroclastic flow over the glacier. These mechanisms have not yet been investigated in depth, and only the effects of high temperatures were considered. The final temperature adopted in the model was 2500°C in order to melt the glacier as much as reported in the recent outline ice caps.
The event that occurred on 13 November 1985 was taken as the design event because it had devastating consequences and has become a starting point for studying the dynamics of mudflows and lahars in the region.
To perform simulations using the calibrated and validated model, probable event scenarios that generate lahars were developed. The first scenario involves a hydrological analysis in the absence of glacier melt and is concerned primarily with the most reliable estimates of potential floods of various magnitudes associated with rainfall events with return periods of 15 and 30 years. These return periods include the assumption that clouds tend to form before a volcanic eruption due to atmospheric ash, and ash in humid conditions can serve as nuclei for the formation of raindrops. The second scenario involves only the glacier melt due to a pyroclastic plume similar to that which was ejected in 1985 in the case of Nevado del Ruiz. This situation represents the initial conditions of the subsequent three scenarios.
The third scenario corresponds to the eruption of 13 November 1985, which generated large lahars, and is intended to simulate the conditions and consequences of that event according to results reported by Vélez (1989) .
The fourth scenario involves a combination of intense rain and a snow melting event due to a pyroclastic plume similar to that of 13 November 1985, and assuming current glaciological conditions. This melting scenario is designated Type 1 melting.
The fifth scenario involves intense rain and glacier melt due to a large-scale eruption. The plume at high temperatures generates the greatest possible amount of snowmelt under the current glaciological conditions. This melting scenario is designated Type 2 melting.
In Scenarios 3-5, a sediment contribution was added as the mudflow moved downstream, due either to lateral detachment or to the stream itself contributing its own sediment. A 50-50 water-sediment ratio was assumed. Table 4 presents a summary of the scenarios and their hydrological conditions.
In the glacier melt scenarios, the eruptive column was assumed to fall across the glacier, because the high-temperature pyroclastic material exerts an abrasive force and is deposited with decreasing temperatures on the glaciers, partly melting them in the process. There are no available data regarding this abrasion phenomenon, although assumptions may be made regarding the rates of melting based on the physics of the phenomenon.
Finally, we evaluated the temporal behaviour represented by the hydrographs, taking into account the fact that the available volume of the glacier decreases with time and the melting response decreases accordingly.
Results and discussion
The results of each simulation scenario are presented. The main interest is in capturing the peak discharge, which is representative at El Rosario; the peak time and the volume are not the focus of this research but must be coherent with the hydrological process. Figure 9 shows the results of Scenarios 1 and 2, resulting in maximum flows of between 800 and 1200 m 3 /s with return periods of 15 and 30 years, respectively. Scenario 3, resulting in a maximum flow of 1350 m 3 /s, is also shown. At this point the peak flows of these two different scenarios of rainfall only and glacier only are similar in magnitude.
The results of Scenario 3, in which the eruption of 1985 is added to the effects of intense rain and sediment loading, are shown in Figure 10 ; the maximum discharge of 5060 m 3 /s is a first approach at the order of magnitude of the expected lahar at El Rosario.
The hydrographs associated with the last two scenarios, Type 1 and Type 2, are shown in Figure 11 . The final scenario corresponds to the most unfavourable case, with a maximum discharge of 5290 m 3 /s. Table 5 presents a summary of the results for each of the scenarios. The minimum values are related to rainfall only and the combination of rainfall with glacier melt indicates greater discharge peak values where the most severe scenario corresponds to Type 2, as expected. The Scenario 3 values are coherent with volumes reported. The difference in peak flow between scenario Type 1 and scenario Type 2 is not as significant as the difference in volume. The value reported by Vélez (1989) of 25 min for the time peak is much lower than that obtained in other scenarios because it was estimated using a dam-break routing hypothesis at a location upstream and the TETIS model uses a GKW approach for routing at El Rosario, which is located downstream. However, this paper is concerned only with the magnitude of the flow at the entrance of the El Rosario study zone, because maximum discharges are required to proceed with the estimation for the flood-prone areas.
The scenarios were reviewed by and include the judgment of experts in various areas of science and thus are well founded and result in valid simulations.
The estimates of glacier retreat are mathematical approximations. Isolated events or phenomena that drastically change these trends should not be dismissed. For example, El Niño or La Niña events may accelerate or slow these processes.
In terms of variations in the areal extent of snow with time, we considered the case of snow melting only, as in the conditions that produced the lahar of 1985. We evaluated the potential variations in snow volumes from 2014 to 2030; the latter date is when the Nevado del Ruiz glacier is projected to disappear. The scenarios under considerations are those in which an eruption occurs due to glacier melt in each of the following years: 2014, 2016, 2019, 2022, 2025 and 2028 . Table 6 shows the data used in the TETIS model of glacier melt. For each year of the analysis, the table shows the number of cells representing the area covered by the glacier and the glacier's areal extent (km 2 ), taking into account only those portions within the Chinchiná River watershed. The table also shows the initial glacier volume (hm 3 ) that was used as input to the TETIS model. Based on these volumes, the TETIS model was executed, resulting in estimates of the amounts of glacial meltwater and the responses downstream.
The most important results of the snow melting simulations in the TETIS hydrological model are shown in Table 7 . The maximum flow rates estimated using the model and associated with snow melting only are shown. Note that the flow rate decreases with time. As a working hypothesis, we simultaneously considered a precipitation event with a 30year return period and their sum (melting + rain), which is double, because sediment contributions were assumed to increase during transport downstream, and these values stabilize with time with the extreme rain values. Also shown are the initial and final average thicknesses of the ice cap for each event, including an initial value based on the model and a value estimated using the model at the end of the glacier melt event. The volume of glacier melt is shown in Table 7 ; this value decreases with time as less available water is contained in the glacier. Figure 12 shows the decreasing flow rates reaching the El Rosario urban growth zone with time using the TETIS model to simulate the future behaviour of the glacier. The flows are reducing because smaller volumes of water are available in the glacier, considering glacier melt only and the initial glacier volume as that available in the year 2014. Finally, the model was used to simulate a design precipitation event with a return period of 100 years, which results in a maximum flow rate of 1620 m 3 /s. Note that the flow rates are approximately 1200 m 3 /s and 798 m 3 /s for return periods of 30 and 15 years, respectively. This 100-year value is shown for comparison purposes and as a basis for evaluating an extraordinary event caused only by intense rain in the area.
Conclusions
The hydrological distributed conceptual model TETIS was successfully calibrated and validated in order to be used as a tool to improve our understanding of glacier melt impacts on urban growth of El Rosario. The calibration process was initially performed for rainfall events only and then the snow melting calibration was performed, where the glacier retreat in the hydrological model was calibrated using available data from the most recently measured retreats. After the validation process, the five proposed scenarios were simulated. Understanding of the behaviour of melting snow in Andean glaciers has been improved through the use of a conceptual distributed model and certain simplifying assumptions.
This paper is concerned with the peak flows obtained after a volcanic event on El Nevado del Ruiz that induces a lahar affecting the El Rosario urban growth zone. Various hydrographs were developed satisfactorily, reflecting the effect of intense rainfall and lahars such as the one that occurred on 13 November 1985. These findings represent a key point for urban planning in the El Rosario area and a key contribution to disaster risk management in the city of Manizales. The information will allow the identification of flood-prone areas.
The simulation of lahars poses a great challenge for researchers due to the scarcity of information regarding the characteristics of events of this type before 1985; the relevant data are only extracted indirectly from the deposits associated with such events.
